Complex carbide precipitates in a quenched and tempered low alloy Cr-Mo-V steel after long-term aging at 650 • C for 13,000 h and 30,000 h were investigated in this study. The mass fraction and sizes of precipitates were quantified by electrolytical extraction technique. The types of precipitate were further studied by combined X-ray diffraction and transmission electron microscopy with selected area electron diffraction and energy dispersive spectrometry. A series of carbide precipitates, namely MC, M 7 C 3 , M 6 C, and M 2 C, were found existing in the near-equilibrium state. The precipitate sequence of these carbides was identified as MC + M 7 C 3 + M 2 C → MC + M 2 C + M 7 C 3 + M 6 C → MC + M 7 C 3 + M 6 C. It was clarified that the stable phases for the investigated steel aged at 650 • C were composed of MC, M 7 C 3 , and M 6 C. For the first time, the in-situ transformations of M 2 C to M 6 C and M 7 C 3 to M 6 C were directly observed. It was also observed that the nucleation site of the M 6 C was located at the interface of M 7 C 3 carbides and the matrix. The orientation relationships between the secondary phases of the in-situ transforming carbides aged for 13,000 h and 30,000 h at 650 • C were established. The coherent interfaces between these secondary phases became incoherent with prolonged aging treatment due to the exerted strain field of the growing carbides.
Introduction
Low alloy Cr-Mo-V and Cr-Mo steels are creep resistant steels [1] , showing excellent mechanical strength at high temperatures. They are extensively utilized in manufacturing key equipment in the power generation industry [2, 3] and petroleum industry [4] . Different types of carbide precipitate manifested by aging treatment strengthen these low alloy steels; however, they also influence the microstructure stability [5] and high temperature creep resistant properties [6] [7] [8] [9] . The characterization of carbide precipitates and their contribution to mechanical properties under different aging conditions have been intensively investigated [10] [11] [12] [13] [14] [15] [16] [17] [18] . Most of these aging treatments were carried out from several hours to several thousand hours at a temperature range between 300 and 750 • C [19] [20] [21] [22] [23] [24] . Limited work focuses on long-term heat treatment with an aging time long enough to be regarded as approaching the equilibrium state [22] . However, the equilibrium states of the carbides are very important for understanding the degradation or the failure mechanism of the steel, since the material will be continuously exposed to high temperature during service. [30] In previous studies [15, 33] , when similar steel was aged at about 650 • C, there was usually a discrepancy between the experimental results and the theoretical calculations for the stable phases. Miyata and Sawaragi [34] used a thermodynamic database (THERMO-CALC) to calculate the equilibrium phases after a 650 • C aging treatment, which were supposed to be M 23 C 6 + MC. Vyrostkova et al. [22] found different results in their calculations, which were supposed to be M 6 C + M 7 C 3 + MC. Therefore, the equilibrium phases at the aging temperature of 650 • C for the investigated steel are still an open issue from the scientific point of view, which still need to be clarified by experimental observation.
In our study, the selected area electron diffraction (SAED) patterns were indexed according to the crystallographic information of the typical carbides that may precipitate in the studied steel; these basic data are briefly described in Table 2 [35] [36] [37] [38] . In the present study, quenched and tempered low alloy Cr-Mo-V steel was isothermally aged at 650 • C for the period of 13,000 h and 30,000 h, respectively. The type, precipitate sequence, nucleation mechanism, and crystal structure of the carbides, which precipitated during aging, were studied systematically by means of electrolytically extracted technique, X-ray diffraction, and transmission electron microscopy. In particular, the evidences of an in-situ transformation of M 2 C to M 6 C, M 7 C 3 to M 6 C were directly observed for the first time. In addition, the orientation relationships between the in-situ transforming carbides were demonstrated by means of transmission electron microscopy (TEM) and the selected area electron diffraction (SAED) patterns and energy dispersive spectrometer (EDS). The interfaces between different phases in the complex precipitates were characterized accordingly. The current study will be very helpful to understand the complex precipitation phenomenon during long-term aging treatment of low alloy Cr-Mo-V steel.
Experimental Procedure
The Cr-Mo-V low alloy steel was melted in a vacuum furnace (Inductotherm, Rancocas, NJ, USA), cast into 150 kg blocks, hot rolled to plates of 50 mm thickness, austenitized at 950 • C for 4 h, and water quenched. The quenched plates were tempered at 720 • C for 150 min and air-cooled. Then the tempered steel plates were aged in a NCPE-411 type furnace (Nakanihon Ro Kogyo, Nagoya, Aichi-ken, Japan) at 650 • C for 13,000 h and 30,000 h, respectively. The chemical composition of the investigated steel is listed in Table 3 . Table 3 . Chemical composition of the investigated low alloy Cr-Mo-V steel (in wt%). Part of the base metal and the aged plates were machined to cylinder specimens with a diameter of 10 mm and a length of 70 mm. They were subsequently dissolved in a 5% KCl + 1% citric acid distilled water solution to obtain the precipitates by electrolytic extraction technique. The extracted precipitates were filtered using a filter (Millipore, Darmstadt, Germany) with 0.05 µm pores, thoroughly dried at 70 • C, and weighed by electronic balance (Mettler Toledo, Zurich, Switzerland) with the accuracy of ±1 µg. The size distributions of the extracted precipitates were analyzed by a Marstersizer 2000 particle size analyzer from Malvern Instruments Company (Malvern, UK) with a measurement error of ±3 nm.
C
The extracted particle powder was analyzed by a Bruker D8 discover X-ray diffractometer (Bruker, Karlsruhe, Germany) with CuK α radiation and graphite monochromators (Bruker, Karlsruhe, Germany). The extracted precipitates were analyzed on a piece of glass plate in the air atmosphere. The start angle, end angle, and step size (2θ) were 10 • , 80 • , and 0.02 • , respectively, with a count time of 2.0 s per step.
The specimens prepared for transmission electron microscopy (TEM, JEOL, Akishima, Tokyo, Japan) observation were cut from the aged plate, mechanically ground to 80-100 µm, and punched into disks with 3 mm in diameter. The disks were further electro-polished using a solution of 10% perchloric acid in ethanol. A JEM-2100F scanning transmission electron microscope (JEOL, Akishima, Tokyo, Japan) attached with an Oxford energy-dispersive X-ray spectrometer (EDS, Oxford Instruments, Oxford, UK) was used for microstructure observation and carbide identification. Selected area electron diffraction (SAED) was employed for identifying the crystallographic details of the complex precipitates.
Results

Mass Fraction of Precipitates in Different Aging Conditions
The mass fraction of the precipitates extracted from specimens was calculated by the following formula:
where m p is the weight of the extracted precipitates of the aged specimen, m o is the original weight of the aged specimen before electrolytically extraction, and m r is the remained weight of the aged specimen after the extraction experiment. Figure 1a displays the mass fraction of precipitates in the specimens aged at 650 • C for the applied aging time. The mass fraction of the precipitates increases steeply in the specimens aged at 13,000 h compared to that from the tempered specimen, which was designated as stage I. From the aging time of 13,000 h to 30,000 h, which was defined as stage II, there was only a slight increase in the mass percentage of the precipitates. 
X-Ray Diffraction Analysis of the Extracted Precipitates
X-ray diffraction analysis was performed to identify the types and mass fraction of the precipitates from the electrolytic extracted particles. Figure 2 reveals the diffraction patterns of the extracted precipitates corresponding to specimens aged at 650 °C for 0, 13,000, and 30,000 hours, respectively. No obvious diffracted peaks were found at the angle below 30 degrees. Table 4 Figure 1. Mass fraction and size distribution of precipitates extracted from the specimens aged at 650 • C for different aging conditions. (a) Mass fraction of the precipitates at different aging conditions, (b) average size of the precipitates at different aging conditions, (c-e) size distribution of precipitates extracted from the quenched and tempered specimen, the 650 • C for 13,000 h aged specimen, and the 650 • C for 30,000 h aged specimen. Figure 1b shows that the average sizes of the extracted precipitates were 91 nm, 121 nm, and 136 nm for the 0 h, 13,000 h, and 30,000 h aging treated specimens, respectively. Comparing the average particle size increment of the two stages, the increment of stage II was much smaller than stage I, although the aging time of stage IIwas longer than stage I. The size distribution of the extracted precipitates was plotted, as shown in Figure 1c -e. Some ultra-fine precipitates may have been lost during the filtering process.
Particle Size Distribution
X-ray Diffraction Analysis of the Extracted Precipitates
X-ray diffraction analysis was performed to identify the types and mass fraction of the precipitates from the electrolytic extracted particles. Figure 2 reveals the diffraction patterns of the extracted precipitates corresponding to specimens aged at 650 • C for 0, 13,000, and 30,000 h, respectively. No obvious diffracted peaks were found at the angle below 30 degrees. Table 4 summarizes the detected types of precipitates from the diffraction pattern. The precipitates extracted from the quenched and tempered specimens consisted of M 7 C 3 , M 2 C, and MC. After aging treatment at 650 • C for 13,000 h, the diffraction peaks from M 7 C 3 became weaker and new diffraction peaks corresponding to the lattice structure of M 6 C appeared. The diffraction peaks from the 30,000 h aged specimens had identical peak angles as the 13,000 h aged specimen. The only difference was that the 30,000 h aged specimen had a stronger peak intensity. The changes of the intensity of the diffraction peaks, to some extent, was a reflection of the The changes of the intensity of the diffraction peaks, to some extent, was a reflection of the change of the mass fraction of each type of precipitate. Figure 3 shows the calculated mass fraction of each type of precipitate by applying the Rietveld full-pattern fitting algorithm method [39] . The TOtal PAttern Solution (TOPAS, version 4.1) developed by Bruker company (Karlsruhe, Germany) was used for the refinement, and weighted pattern R-factor (Rwp) was selected as a criterion to judge the refinement. In the current experiment, the Rwp value was about 8%, which was below the value of 10% for reliable refinement. The amount of M 7 C 3 type of carbide decreased, whilst the amounts of the MC and M 6 C carbides increased with prolonged aging time. M 2 C disappeared when aging time was longer than 13,000 h. 
TEM, SAED, and EDS Characterization of the Crystallographic Orientation Relationship of the In-Situ Transformed Carbides
Figure 4 reveals the transformation from existing M7C3 to M6C in the specimen aged at 650 °C for 13,000 h by combined TEM, SAED, and EDS characterization. 
415 1 422 Figure 5c is the original SAED pattern of the studied precipitate. As shown in Figure 5e , it is clear that this carbide was rich in Mo and poor in Cr.
The in-situ transformation from M7C3 to M6C and from M2C to M6C was also observed in the specimen aged at 650 °C for 30,000 h. The spot used for Figure 6b was 6 (1 11) M C . As seen Figure 6d , the reflection spots that were diffracted from M7C3 and M6C could be seen in the same SAED pattern. Based on these indexed diffraction patterns, the crystallographic relationship between M7C3 and Figure 5c is the original SAED pattern of the studied precipitate. As shown in Figure 5e , it is clear that this carbide was rich in Mo and poor in Cr.
The in-situ transformation from M 7 C 3 to M 6 C and from M 2 C to M 6 C was also observed in the specimen aged at 650 • C for 30,000 h. The spot used for Figure 6b was (111) M 6 C . As seen Figure 6d , the reflection spots that were diffracted from M 7 C 3 and M 6 C could be seen in the same SAED pattern. Based on these indexed diffraction patterns, the crystallographic relationship between M 7 C 3 and M 6 C could be determined as follows: 6515
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The corresponding original SAED pattern is shown in Figure 6c and Figure 7c , respectively. The distribution of Fe, Cr, Mo, and C in the carbide particles that precipitated when the steel was aged at 650 °C for 30,000 h can be easily seen in Figure 6e and Figure 7e . Similarly, a characterization of the in-situ transformed M 2 C and M 6 C in the 650 • C for 30,000 h aged specimen is shown in Figure 7 . The spot used in Figure 7b According to the TEM and SAED analysis results, the crystallographic relationships of in-situ transformed complex precipitates in the investigated steel aged at 650 °C are summarized in Table 5 . Crystallographic relationships between the in-situ transformed precipitates in the investigated low alloy Cr-Mo-V steel aged at 650 °C for the different periods. It should be pointed out that these crystallographic relationships were identified in the present study but this does not mean that all in-situ transformed carbides will transform in the same way, as there might be some other crystallographic relationships between the in-situ transformed precipitates due to the complicated and changeable environment during carbides transformation. Table 5 . Crystallographic relationships between the in-situ transformed precipitates in the investigated low alloy Cr-Mo-V steel aged at 650 °C for the different periods.
Aging Time
In-Situ Crystallographic Relationships between the The corresponding original SAED pattern is shown in Figures 6c and 7c , respectively. The distribution of Fe, Cr, Mo, and C in the carbide particles that precipitated when the steel was aged at 650 • C for 30,000 h can be easily seen in Figures 6e and 7e .
According to the TEM and SAED analysis results, the crystallographic relationships of in-situ transformed complex precipitates in the investigated steel aged at 650 • C are summarized in Table 5 . Crystallographic relationships between the in-situ transformed precipitates in the investigated low alloy Cr-Mo-V steel aged at 650 • C for the different periods. It should be pointed out that these crystallographic relationships were identified in the present study but this does not mean that all in-situ transformed carbides will transform in the same way, as there might be some other crystallographic relationships between the in-situ transformed precipitates due to the complicated and changeable environment during carbides transformation. Table 5 . Crystallographic relationships between the in-situ transformed precipitates in the investigated low alloy Cr-Mo-V steel aged at 650 • C for the different periods.
Aging Time (h)
In-Situ Transformation Crystallographic Relationships between the Precipitates 13,000
Interestingly, the crystallographic relationships of the in-situ transforming precipitates between the specimen aged for 13,000 h and the specimen aged for 30,000 h were different. Coincident crystallographic planes of the in-situ transforming precipitates were not observed when the specimen was aged for 30,000 h. Overlapped crystal planes, however, were observed in the specimen aged for 13,000 h.
The evidence of the in-situ transformation from M 23 C 6 to M 6 C was not observed in this work. According to the experimental and thermodynamically calculated results of a similar low alloy Cr-Mo-V steel by Vyrostkova et al. [22, 40] , the M 23 C 6 carbides prefer precipitating in larger quantity at the temperature below 600 • C. This should be the reason that the M 23 C 6 carbides were not observed in this work.
Discussion
The Identification of Complex Carbide Precipitates in Long-Term Aged Cr-Mo-V Steel
In this study, three types of precipitates, namely MC, M 7 C 3 , and M 6 C, were identified in the 650 • C 13,000 h and 30,000 h aged specimens by means of X-ray diffraction. The calculation of the mass fractions of the respective precipitates by Reitveld full-pattern fitting algorithm method and TOPAS indicated the reduction of M 7 C 3 and M 2 C precipitates with prolonged aging time at 650 • C, while the mass fractions of MC and M 6 C precipitates increased. It indicated the transition of the M 7 C 3 and M 2 C precipitates into MC or M 6 C during aging.
The SAED investigation gave additional information about the complex precipitates, which were identified as M 7 C 3 + M 6 C and M 2 C + M 6 C in the 13,000 h and 30,000 h aged specimens, respectively. It was confirmed by both analysis methods that the types of precipitates in the 650 • C long-term aged Cr-Mo-V steel consisted of MC, M 7 C 3 , M 6 C, and M 2 C. The present work detected the M 2 C, (M 2 C + M 6 C) for the first time, which has not been reported in previous research on similar materials [22] . Since M 2 C is a minority phase in this investigation, it could not be observed by X-ray diffraction due to the relatively low sensitivity of this technique [2] . Moreover, the size of the MC precipitate was too small to obtain its electron diffraction pattern under SAED investigation. The application of multiple inspection techniques is necessary for identifying the complex carbide precipitates in low alloy Cr-Mo-V steel.
The M 6 C precipitates were clearly detected by both X-ray diffraction and TEM methods in the long-term aged specimens in this work. When the aging treatment was not approaching the equilibrium state, such as aging between 450 • C and 650 • C from several to one thousand hours [19, 23, 41] , the equilibrium phase of M 6 C could not be observed. The experimental evidences in the present investigation indicate that the M 7 C 3 is the predominant carbide under the applied aging condition. This result is consistent with the theory that a relatively high Cr and Mn content in steel can accelerate the precipitation of M 7 C 3 carbides [23, 33] .
The Sequence of Carbide Precipitation
As a very important topic of the precipitate phenomenon, the sequence of carbide precipitation has been intensively investigated. Baker and Nutting carried out pioneering work and studied the precipitation sequences during tempering of 2.25Cr-1Mo steel [31] ; they clarified the precipitation sequence as:
Andrews, Hughes, and Dyson [42] studied the precipitation sequence at 700 • C in Cr-Mo-V rotor steels, which were summarized as follows:
The precipitate sequence can be influenced by many factors, such as chemical composition [17, 20, 22, 23] , original microstructure [10, 16, 18] , aging temperature [12, 13, 23, 31] , and stress state of the steels [7] . Most research work focuses on relatively short-term aging without achieving the equilibrium state [15, 22] , which do not completely reveal the precipitate sequence at a given aging temperature. We applied the aging temperature of 650 • C and the aging time up to 30,000 h and approached the equilibrium state. We found the precipitation sequence for the aged Cr-Mo-V low alloy steel as follows:
Baker and Nutting, in 1959, speculated that M 6 C may form at the expense of Mo 2 C, M 23 C 6 , or Cr 7 C 3 [31] . To date, information about these transformations is mainly based on indirect observation, such as the similarity in the morphology and/or the chemical compositions of precipitates and sometimes the precipitation sites of these carbides [43] . This study, for the first time, provides direct evidence for the in-situ transformation of M 2 C →M 6 C and M 7 C 3 →M 6 C (Figures 4-7) . These observations strongly support the inferences of Baker and Nutting.
According to the SAED results of the M 2 C + M 6 C complex precipitates, the M 6 C directly nucleated on the existing M 2 C and grew at the expense of M 2 C. The amount of M 2 C precipitate was limited and could not be detected by X-ray diffraction. It could be inferred that the M 2 C becomes exhausted at the equilibrium state. Based on these findings, the sequence of the carbide precipitation can be inferred as follows:
A very clear clue in the precipitation sequence of these types of carbides is that with prolonged aging the atomic percentage of carbon in the precipitates decreases. This phenomenon indicates that the dissolved carbon element in the α-Fe plays an important role in forming various carbides. At the first stage of precipitation, the dissolved carbon and the dissolved Cr and V are abundant, and the thermodynamic driving force for the evolution of MC and M 7 C 3 is strong. With continued aging, the dissolved carbon, V, and Cr content decrease, and the dissolved Mo element becomes relatively high; then the thermodynamic driving force for the evolution of M 6 C is stronger, and M 6 C, with a low atomic percentage of carbon, turns out to be an equilibrium phase in the investigated steel. The discussion above clearly demonstrates that the localized V, Mo, Cr, and especially the carbon content in the matrix exert a decisive role in the evolution of different types of carbides. The types of equilibrium precipitates determined in the present investigation are in good agreement with the equilibrium carbides that were thermodynamically calculated by Vyrostkova and Kroupa et al. [22, 33, 40] .
The Nucleation of the M 6 C Carbides
It is well known that M 6 C is a Mo rich carbide and has a face-centered cubic structure. Baker and Nutting postulated in their work that M 6 C nucleated at the interface between V 4 C 3 and ferrite matrix [14] , while Kuo and Jia found that the nucleation of M 6 C frequently occurred on M 23 C 6 when they studied the precipitation of a low alloy Cr-Mo-V steel [30] . From Figure 6e , it can be confirmed by the EDS line scan that the up part of the carbide in the white color in the DF image is M 6 C. As shown in Figure 6b , the two white points that were represented by 'A' and 'B' can be easily recognized as M 6 C in the DF image (in this image, the M 6 C is bright and M 7 C 3 is dark). They look like freshly nucleated carbides from their small sizes. Accordingly, this indicates that the M 6 C can nucleate at the interface of the existing M 7 C 3 and the ferrite matrix in the aged low alloy Cr-Mo-V steel. Therefore, it can be concluded that the nucleation mechanism of M 6 C will change with the change of chemical compositions and aging conditions.
The Planar Mismatch between Different Phases in the Complex Precipitates
Based on the crystallographic relationships of the transformed complex carbides obtained so far in the specimen aged at 650 • C for 13,000 h, together with the inter-planar spacing of the precipitates, the lattice misfits between the phases (M 2 C and M 6 C, M 7 C 3 and M 6 C) were calculated. The results are summarized in Table 6 . It can be seen that the lattice misfit between M 2 C and M 6 C is -1.44% and that between M 7 C 3 and M 6 C was 0.83%. These small lattice misfits indicate that the interface between the complex precipitates was coherent even when the specimen was aged for 13,000 h at 650 • C. For the specimen aged 30,000 h, however, no coherent interface between the different phases of the complex precipitates was observed. The results proposed the complex precipitates lost coherency during the aging period from 13,000 h to 30,000 h at 650 • C. The exerted strain would be released by the loss of the coherency between different phases. Miyata and Sawaragi demonstrated in their work that if the precipitates lost coherency, the positive effect of the precipitates on improving creep properties would be reduced [34] . From this point of view, it can be inferred that the creep property and toughness of the specimen aged for 30,000 h in this work will be worse than the one aged for 13,000 h. 
Conclusions
The current work investigated the complex precipitates in a low alloy Cr-Mo-V steel under extreme long-term aging periods at 650 • C by combined X-ray diffraction and TEM characterization. The precipitation sequences and their crystallographic orientation relationships were established and compared to previous research findings. The main results can be summarized as follows:
1.
A near-equilibrium state of the low alloy Cr-Mo-V steel was achieved by aging at 650 • C for up to 30,000 h. The transformation of M 2 C to M 6 C and M 7 C 3 to M 6 C were observed and confirmed by means of SAED and EDS line scan. Four types of precipitates, including MC, M 7 C 3 , M 6 C, and M 2 C, were found in the specimens in the near-equilibrium state.
2.
The crystallographic orientation relationships between the in-situ transformed phases of the specimen aged for 13,000 h at 650 • C were established as follows: 
4.
The carbide precipitate sequence in the investigated Cr-Mo-V steel aged at 650 • C for 30,000 h was found to be: MC + M 7 C 3 + M 2 C → MC + M 2 C + M 7 C 3 + M 6 C → MC + M 7 C 3 + M 6 C, which is consistent with the equilibrium calculations.
5.
The direct evidence from TEM characterization revealed that the M 6 C nucleated at the interfaces of the existing M 7 C 3 carbides. 6.
The coherent interfaces between the in-situ transformed complex carbide precipitates became incoherent at prolonged aging time of 30,000 h. Funding: This work was financially supported by the new product research program (X18ECQ0A00) of Baoshan Iron and Steel Co., Ltd.
